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Abstract

Aims Heart rate reduction therapy using ivabradine, a selective inhibitor of the funny current of the sinoatrial node, is widely
used in the systolic heart failure cohort. However, the optimal target of heart rate remains controversial. The association be-
tween heart rate and ‘overlap’ between E-wave and A-wave in the pulse wave transmitral flow Doppler echocardiography
might be a key to find the ideal heart rate in each individual.
Methods and results We performed transthoracic echocardiography in patients with systolic heart failure, and the associa-
tion between heart rate, deceleration time, and overlap length between E-wave and A-wave was assessed. In total, 368 pa-
tients with systolic heart failure (median 76 years old, 190 men, median ejection fraction 40%) were included. The
measured overlap length was 35 (�72, 115) ms. Given the results of multiple linear regression analyses, we constructed a for-
mula: estimated overlap length (ms) = �589 + 6.2 × heart rate (bpm) + 0.81 × deceleration time (ms), which had a good agree-
ment with actually measured one (r = 0.62). The ideal heart rate, at which the overlap length is ‘zero’ and probably cardiac
output is maximized, is calculated as follows: ideal heart rate (bpm) = 93 – 0.13 × deceleration time (ms).
Conclusions We proposed a novel formula using deceleration time to estimate ideal heart rate that achieves a zero overlap
between E-wave and A-wave in patients with systolic heart failure. Prognostic impact of the formula-guided heart rate opti-
mization should be studied.
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Background

Given cumulating results of large-scale studies, up-titration
of beta-blocker and heart rate reduction achievement
are keys to reducing mortality in patients with heart
failure with reduced ejection fraction (HFrEF).1 However,
medication titration is often insufficient in the real-world
practice mainly because of unstable haemodynamics with
hypotension, particularly among advanced heart failure
population.2

Ivabradine is a recently developed selective inhibitor of If
channels that purely reduces heart rate and improves prog-
nosis in patients with HFrEF and higher heart rate with sinus
rhythm (heart rate above 70 or 75 bpm is approved for insur-
ance use).3,4 However, the clinical benefit of heart rate

reduction seems to become plateau as decreasing heart rate,
and a target heart rate to maximally enjoy improved progno-
sis remains controversial.5

In the pulse wave transmitral flow Doppler echocardio-
graphic assessment, E-wave and A-wave merge at a higher
heart rate.6 On the contrary, a diastasis phase (i.e. a period
between E-wave and A-wave) dominantly prolongs at sinus
bradycardia.7 At an ideal heart rate with maximized cardiac
output, the ‘overlap’ between E-wave and A-wave might be
‘zero’, that is, E-wave and A-wave adjacent to each other
without any overlap.

In this study, we investigated the association among heart
rate, deceleration time, and overlap between E-wave and
A-wave to construct a formula to calculate the ideal heart
rate in each patient with HFrEF.
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Methods

Patient selection

In this retrospective study, patients who were diagnosed as
HFrEF (left ventricular ejection fraction < 50%) using trans-
thoracic echocardiography between January 2019 and De-
cember 2019 were included. Patients with atrial fibrillation
or atrioventricular block type I were excluded.

Echocardiographic assessment

Transthoracic echocardiography was performed following the
current American Society of Echocardiography guidelines by
the expert sonographers who were blinded to the protocol
of this study. Heart rate was simultaneously measured by
three-lead electrocardiogram. Left ventricular ejection frac-
tion was calculated by the modified Simpson method. The
deceleration time of E-wave was measured by the pulse
Doppler echocardiography at transmitral flow in the apical
four-chamber view.

At the transmitral flow, the overlap between E-wave and
A-wave was measured. If there was no overlap, the distance
between the two waves was expressed as a negative value
(Figure 1).

Statistical analyses

Statistical analyses were performed using SPSS Statistics 22
(SPSS Inc, Armonk, IL, USA). Two-sided P values <0.05 were
considered statistically significant. Continuous variables were
expressed as median and interquartile.

The impact of heart rate and deceleration time on the
measured overlap length was assessed by the multiple linear
regression analyses. Considering the beta value of each vari-
able, the formula to estimate overlap length was constructed.

The agreement between the estimated overlap length and
measured one was assessed by Pearson’s correlation coeffi-
cient. The ideal heart rate was calculated using the formula
at the condition of ‘overlap length = 0’.

Results

Baseline characteristics

In total, 368 HFrEF patients (median 76 years old, 190 men)
were included. The left ventricular ejection fraction was
40% (31%, 46%). The measured overlap length was 35
(�72, 115) ms and ranged between �457 and 364 ms. Heart
rate was 67 (60, 77) bpm and deceleration time was 205 (152,
272) ms (Table 1). Examples of negative overlap case (Figure
1A) and positive overlap case (Figure 1B) are shown.

Figure 1 Examples of a case with negative overlap (A) and a case with positive overlap (B). In case A, a patient had a heart rate of 41 bpm and a de-
celeration time of 137 ms. E-wave and A-wave did not overlap. In case B, another patient had a heart rate of 87 bpm and a deceleration time of 220 ms.
E-wave and A-wave considerably overlapped.
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Estimation of the overlap length

Heart rate and deceleration time were both independent de-
terminants of the overlap length (P < 0.05 for both). Consid-
ering the beta values of both variables, we constructed a
formula: estimated overlap length (ms) = �589 + 6.2 × heart
rate (bpm) + 0.81 × deceleration time (ms). The estimated
overlap length had a good agreement with actually measured
overlap length (r = 0.62, P < 0.001; Figure 2).

When the overlap length was ‘zero’ in the formula, the
ideal heart rate to achieve zero overlap was calculated as fol-
lows: ideal heart rate (bpm) = 93–0.13 × deceleration time
(ms). For example, when a deceleration time is 200 ms, the
ideal heart rate, that is, a target heart rate for the heart rate
reduction therapy, is calculated as 67 bpm.

Discussion

Heart rate reduction and acute haemodynamic
change

In patients dependent on atrial pacing, heart rate reduction
was associated with increased end-diastolic volume and sys-
tolic volume, which preserved cardiac output by compensat-
ing reduced stroke time.8 In another study, left ventricular
contractility was preserved irrespective of heart rate reduc-
tion. As a result, the J-SHIFT trial showed that systolic blood
pressure remained unchanged when heart rate was reduced
by ivabradine therapy.4 Such a preserved haemodynamics
during heart rate reduction would be essential to achieve fu-
ture cardiac reverse remodelling and improvement in sur-
vival, probably by reducing cardiac potential energy per
minute.8

How to calculate the ideal heart rate

An increase in end-diastolic volume during heart rate reduc-
tion is required to maintain haemodynamics and enjoy the
prognostic effect of heart rate reduction therapy. However,
given the result of SHIFT trial, too low heart rate might not
have an advantage in increasing end-diastolic volume.5

Pulse wave transmitral flow Doppler echocardiography
might be a good tool to assess the relationship between heart
rate and left ventricular filling. At sinus tachycardia, E-wave
and A-wave merge.6 In a healthy cohort, a merged A-wave
gets higher as heart rate increases probably to compensate
reduced left ventricular filling.9 However, such compensation
would not work in patients with HFrEF due to impaired
atrial function. During heart rate reduction, the widths of
E-wave and A-wave remain unchanged, whereas only a
diastasis phase would prolong,9 which might not increase
end-diastolic volume. In other words, there might be an opti-
mal heart rate that has neither a merge between E-wave and
A-wave nor a diastasis phase, that is, zero overlap. Decelera-
tion time would be another dominant determinant of overlap
between E-wave and A-wave. Given these hypotheses, we
constructed a formula to estimate the ideal heart rate
consisting of deceleration time, at which the overlap between
E-wave and A-wave is zero.

In patients with HFrEF and sinus tachycardia, we would ini-
tiate ivabradine therapy with a target heart rate calculated by
the novel formula. For example, if a patient has a heart rate
of 80 bpm and a deceleration time of 200 ms, a target heart
rate is calculated as 67 bpm so that heart rate reduction ther-
apy is reasonable. On the contrary, if another patient has a
similar heart rate but a deceleration time of 80 ms, a target
heart rate is calculated as 83 bpm and heart rate reduction
therapy is not required.

Table 1 Baseline characteristics

N = 368

Age (years) 76 (68, 83)
Male sex 190 (52%)
Left ventricular ejection fraction (%) 40 (31, 46)
Heart rate (bpm) 67 (60, 77)
Deceleration time (ms) 205 (152, 272)
Overlap length (ms) 35 (�72, 115)

Variables are expressed as median and interquartile or number and
percentage.

Figure 2 Agreement between the estimated overlap length and the actu-
ally measured overlap length. The estimated overlap was calculated from
the formula using heart rate and deceleration time. DcT, deceleration
time; HR, heart rate; SEE, standard error of estimate.
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It is believed that a higher heart rate is appropriate for
those with restrictive physiology, whereas a lower heart rate
is appropriate for those with mitral stenosis. The ideal heart
rate might vary depending on a variety of deceleration time
in each individual with a specific clinical situation and each
haemodynamic situation.

Future concern and limitations

We should state that there are several potential limitations in
this study. This derivation study is a moderate size cohort,
and the formula requires validation in another external large
cohort. Our findings base on the hypothesis that the optimal
heart rate would have neither merge between E-wave and
A-wave nor diastasis phases to enjoy the maximal cardiac
output. This should be demonstrated by the right heart
catheterization test (or any other non-invasive devices to
estimate cardiac output) by precise control of heart rate
using pacemaker. This study lacks longitudinal observation.
The deceleration time (and calculated ideal heart rate)
would remain unchanged at clinically stable conditions during
short-term follow-up (data not shown). However, the decel-
eration time would vary during long-term follow-up, and we
should repeat calculation using the formula to update the tar-
get heart rate.

This study is a proof of concept, and a prospective random-
ized control trial is warranted to investigate the prognostic

implication of optimized heart rate, which is calculated by
our formula, by heart rate reduction therapy using
ivabradine. The target heart rate is calculated theoretically
and the actual heart rate control might range around the tar-
get. Clinically acceptable ‘range’ would also be a future con-
cern. Our strategy would be expanded into other rate
control therapies including mechanical pacing.

Conclusions

We proposed a novel formula using deceleration time to esti-
mate ideal heart rate that achieves a zero overlap between
E-wave and A-wave in patients with HFrEF. The clinical impli-
cation of this formula as a target heart rate in heart rate re-
duction therapy remains the next concern.
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